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Executive Summary

By: Scott A. Socolofsky, Binbin Wang, Byungjin Kim, and Inok Jun

In this project, we have analyzed data collected by the U.S. Department of Energy (DOE),

National Energy Technology Laboratory (NETL) in a high pressure water tunnel (HPWT) and data

from two research cruises to natural seeps in the Gulf of Mexico to adapt and validate a numerical

model to predict the dynamics of natural seeps in the deep oceans. The HPWT data include video

observations of the shrinkage rate of individual methane and natural gas bubbles under simulated

deep-water conditions. Field data were collected during two cruises by the Gulf Integrated Spill

Research (GISR) Consortium led by Texas A&M University and funded by the Gulf of Mexico

Research Initiative (GoMRI). These data included in situ observations from a remotely operated

vehicle (ROV) of gas bubbles at two natural seep sites in the Gulf and acoustic observations of

the natural seep bubble flares in the ocean water column. The acoustic data were from multibeam

echosounders, one mounted in a forward-looking orientation on the ROV and another mounted

down-looking in the haul of the ship. All of these laboratory and field data were focused on the

dynamics of natural gas bubbles at temperatures and pressures favorable for clathrate hydrate

formation between the gas and water.

Our analyses of this data focused on understanding the mechanisms responsible for gas bubble

dissolution within the hydrate stability zone (HSZ) of the oceans. Ice-like hydrate shells may form

on the bubble-water interface under these conditions, and it was unknown how this might affect the

mass transfer of gas into the ocean. We were able to extract bubble shrinkage rates from the HPWT

datasets. Using this data we determined that mass transfer coefficients with and without a hydrate

shell match empirical values for bubbles in contaminated systems (so-called dirty bubbles, coated in

naturally occurring, dissolved surfactants in the water). Using these mass transfer coefficients, our

numerical model of bubble dissolution matched the over 200 HPWT experiments with an average

error of 10% for predicting the bubble size at the end of an experiment. This is a very good level

of performance for this integrative metric.

From field data in the literature, we also observed that gas bubbles dissolve faster when they

are initially released, following mass transfer coefficients for so-called clean-bubbles (those not yet

contaminated by surfactants). Shortly after release within the HSZ, a hydrate shell forms on the

bubble-water interface, and the mass transfer reduces to rates matching those of dirty bubbles. We

correlated this transition time from clean to dirty bubble behavior with the initial bubble surface

area and the hydrate sub-cooling, given by the temperature difference between the ambient water
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and the temperature of hydrate formation.

With this model for hydrate formation time and using the mass transfer coefficients deduced

from the HPWT data, we validated our numerical model for predicting the rise heights of natural

seep flares in the oceans. Flare heights are commonly observed in haul-mounted acoustic multibeam

data. The numerical model predicts bubbles to rise high in the ocean water column owing to the

slower mass transfer rates for dirty bubbles that accompany the majority of their rise time. We

found that the numerical model predictions matched the observed flare heights within 5% to 10%

accuracy when we compared the rise heights of the largest bubbles released from the seafloor with

the multibeam data. Bubbles become acoustically transparent as they shrink to sizes of order 1 mm

in diameter for the multibeam frequencies used in the field. Hence, the predicted rise heights were

the depths at which these largest gas bubbles shrank to about 1 mm in diameter.

The forward-looking multibeam on the ROV also provided data on the lateral spreading of

bubbles in natural seep flares. Our analysis of this data showed that spreading follows a diffusion

process, with the effective diffusivity correlating with the wobbling length scale of these ellipsoidal

bubbles. When we apply this diffusivity in a random displacement model of bubble spreading,

our numerical simulations match closely the lateral spread observed by the M3 in the ocean water

column.

Finally, we compared the seep model predictions for the cross-sectionally integrated acoustic

backscatter in these natural seep plumes with that observed by the acoustic instruments in the

field. The M3 and EM 302 observations were converted to relative values of target strength using a

calibration we obtained in the laboratory for the M3 and using an algorithm from the manufacturer

for the EM 302. Comparing the model to these data, we obtain good agreement over the whole

height of rise of these bubble flares. This further validates the numerical model and also reinforces

our conclusions for observed rise height that natural seep flares are observed to disappear when

bubbles become smaller than the resonant bubble size in an acoustic beam. Overall, our validated

seep model captures the key dynamics of gas bubbles released from natural seeps in the oceans and

helps to predict the fate of methane in the water column.
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Budget Period 3
Extension

Task 1.0 - Project Management and Planning

Task 3.0 - Synthesize GISR Field Data

Task 2.0 - Analyze NETL Water Tunnel Data

Task 5.0 - Conduct No-Hydrate M3 Experiment

Task 4.0 - Refine and Validate Seep Model

Task 6.0 - Apply Seep Model to GISR Multibeam Data

Subtask 3.1 - Bubble characteristics from high-speed camera

Subtask 3.2 - Synchronize acoustic and camera datasets

Subtask 2.1 - Evaluate hydrate formation time

Subtask 2.2 - Track hydrate crystals on bubble interface

Subtask 2.3 - Validate bubble shrinkage rates

Subtask 4.1 - Validate to NETL Water Tunnel Data

Subtask 4.2 - Validate to GISR Field Data

Subtask 4.3 - Finalize and distribute seep model

Decision Point 2

Qtr 1 Qtr 2 Qtr 3 Qtr 4

Budget Period 1
Task Name

Qtr 1 Qtr 2 Qtr 3 Qtr 4

Budget Period 2

Qtr 1 Qtr 2 Qtr 3 Qtr 4

Budget Period 3

Milestone:  Adapt Matlab code to NETL data

Milestone:  Develop Matlab code for M3 and EM-302 data

Milestone:  Adapt seep model to NETL data
Milestone:  Quantify seep model performance

Task 7.0 - Document Model Validation

Task 8.0 - Data Distribution / Archiving 

Milestone:  Quantify performance of acoustic models

Milestone:  Complete model validation

Subtask 6.1 - Anaylze M3 data to characterize hydrate shells

Subtask 6.2 - Anaylze EM-302 data for bubble concentration

Milestone:  Obtain NETL HPWT Data

Decision Point 1

Milestone:  OTRC Experimental Report

Qtr 1 Qtr 2 Qtr 3 Qtr 4

Figure 1: Project Timeline.
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5 mm

(a) 1st bubble on June 28th 2012: pure methane bubble

5 mm

(b) 2nd bubble on June 28th 2012: methane bubble with complex hydrate shell.

Figure 2: Grayscale video images from the HPWT experiments with the identified bubble object
(green line) using our Matlab image processing analysis methods.
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